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ABSTRACT
We reconsider the problem of the cosmological reionization due to stellar sources. Using
the model developed by Haiman and Loeb (1997), we focus on the effect of changing
basic parameters, such as stellar models and spectra, adopted for finding the ionizing
photon production rate. In particular we study the zero metallicity limit, which is the
natural choice for the first generations of stars. In this case, stellar atmospheres are by
far hotter than in the most metal poor cases. From the incomplete and inhomogeneous
set of existing models in literature, we construct young isochrones representative of Pop-
ulation III stars and consider the effect of their photon rate emission in the reionization
process. The number of ionizing photons emitted by such a zero metal population is
about 50% higher than that output by standard metal poor isochrones, all the other
parameters of the stellar population and cosmology being unchanged. We find that
using suitable zero metallicity models instead of the very metal poor ones, commonly
adopted, significantly modifies the reionization epoch.
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1 INTRODUCTION
In the recent years there has been a lot of theoretical work
related to the cosmological reionization. The source of the
ionizing UV background is still uncertain: the more studied
scenarios are those connected to a rst generation of stars in
mini{galaxies or to the radiation from massive black holes
in small halos. The Next Generation Space Telescope will
be able to observe directly the rst luminous objects and
discriminate between the previous scenarios. In addition, fu-
ture satellite experiments (such as MAP and PLANCK) are
likely to detect the CMB secondary anisotropies due to the
reionized intergalactic medium.
Detailed numerical simulations of the reionization phe-
nomena requires a suitable treatment of dierent physical
phenomena: gas dynamics, cooling processes and radiative
transport (Abel et al. 1998, Razoumov and Scott 1998, Nor-
man et al. 1998). However, the complete study of the for-
mation of rst objects and the feedback eect on the sur-
rounding medium is still out of the possibility of the present
numerical approaches. For this reason a number of analyti-
cal or semianalytical methods (e. g. Fukugita and Kawasaki
1994, Liddle and Lyth 1995, Tegmark et al. 1996, Haiman
and Loeb 1997, hereafter HL97, Valageas and Silk 1999, Cia-
rdi et al. 1999, Chiu and Ostriker 1999) have been used for
estimating the reionization epoch and how this depends on
the cosmological model and on the formation history of ion-
izing sources. The eect related to the cosmological param-
eters are relatively understood in comparison to those used
for estimating stellar feedback.
In this paper we focus mainly on how the properties
of the stars, in particular the metallicity and stellar winds,
could aect the reionization epoch. In section 2 we briefly de-
scribe the reionization model. In sections 3 and 4 we discuss
the problems connected with the collection of the spectral
library and of the isochrones, respectively. Finally, in section
5 we present and discuss our results.
2 THE REIONIZATION MODEL
In order to study the process of the cosmological reionization
we follow the scenario outlined in HL97. The mass function
of the dark matter halos is computed according to the Press{
Schechter theory (Press and Schechter 1974). The formation
of a stellar population is allowed in any halo with a total
mass M ≥ 108 [(1 + z)/10]−3/2M, assuming that all the
H2 is dissociated by the very rst radiation sources as soon
as reionization begins.
In such halos a fraction f of the gas is converted into
stars in a single instantaneous burst (simple stellar popu-
lation model, hereafter SSP). Given the lack of complete
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theory of star formation, this fraction is assumed to be a
universal constant and, for a given IMF, it is related to the
metallicity observed in the Lyman{α forest. If we assume
that the carbon observed in these systems is produced by the
same primordial mini{galaxies we are considering here, the
eciency is likely conned in the range 0.015 ≤ f? ≤ 0.15
(see HL97 for more details).
Part of the ionizing photons (with energy ≥ 13.6 eV)
are absorbed by the gas in the mini{galaxies. This eect
is described by introducing a factor which represents the
escape fraction fesc of photons. Due to the incertitude in
the estimate of this parameter, we explore the range fesc =
0.2÷ 1.
We assume that the emission from the mini{galaxies
is isotropic and that the IGM is homogeneous; in this
case the volume of the spherical HII region formed around
each galaxy may be computed analytically (see Shapiro
and Giroux 1987). Integrating over all the sources, we can
calculate, at any redshift, the lling factor of the HII re-
gions (FHII). The reionization redshift zrei is dened by
FHII(zrei) = 1.
3 EFFECT OF THE SPECTRAL LIBRARY
The SSP emissivity is computed by integrating the spectra
of the stars along the isochrone at a given time t, weighted




fν [L(M), g(M), Teff (M), t]ψ(M)dM . (1)
Here fν [L(M), g(M), Teff (M), t] is the spectrum of the
star with initial mass M , along the isochrone, with lumi-
nosity L(M), surface gravity g(M) and eective tempera-
ture Teff (M). The procedure is similar to the one adopted
in Bressan, Chiosi and Fagotto 1994 (hereafter BCF94).
Isochrones of very young age are computed as in Garcia{
Vargas, Bressan and Diaz (1995) in order to carefully follow
the ionizing photon rate from the most massive stars. As re-
gards stellar atmospheres, the critical point is that the most
widely adopted spectral library (e. g. Kurucz 1992) is based
on the LTE plane parallel assumption and does not contain
models hotter than Teff = 50000 K. On the contrary, the
zero age main sequence (ZAMS) of the most massive stars
extends to hotter temperatures, in particular in the case of
zero metal stars, as we will see below. Even those stars that,
during the main sequence, are cooler than Teff = 50000 K,
may reach temperatures as hot as Teff = 100000 K in the
advanced phases (Wolf Rayet stars). Perhaps the most im-
portant point is that very massive stars are surrounded by
expanding atmospheres, where the structure of the density
and temperature is dierent from that of LTE plane par-
allel models. Signicant dierences can be found between
the predicted rates of H and He ionizing photons for dier-
ent assumptions concerning the structure of the stellar wind
(Schmutz, Leitherer and Gruenwald 1992; Schaerer and De
Koter 1997). In order to perform quantitative estimates of
the dierent assumptions, we checked the eects of adopting
dierent stellar atmosphere libraries.
Many authors adopt the Kurucz atmospheric models
even at temperature above the highest one found in that
Figure 1. Integrated spectra of a SSP of 1 Myr obtained under
three dierent assumptions concerning the adopted massive star
spectral library.
grid, which is Teff = 50000 K. As a rst option we follow
the same procedure.
As a second option we follow BCF94, who extended the
hot side of the Kurucz spectral library with pure black bod-
ies. This was justied on the base of the similarity between
the black body and the spectral energy distribution of a non
LTE low density wind at the same hydrostatic temperature
(Schmutz et al. 1992). Moreover, the main aim of BCF94
was to analyze the origin of observed properties of early
type galaxies characterized by old stellar populations.
Finally, as a third option, we substitute and extend
the hot side of the Kurucz library with the CoStar mod-
els (Schaerer and De Koter 1997) kindly provided by D.
Schaerer. These models are computed for the eective tem-
perature and gravity characteristic of hydrogen burning
massive stars (20 M ÷ 100 M) and account for the eects
of non LTE and stellar winds appropriate for the evolution-
ary phase. We interpolate between the grid points and use
the nearest neighbor model.
A detailed comparison of the integrated spectral energy
distribution of a SSP, calculated with the three methods
described, is shown in Fig. 1. It is evident that the main dif-
ference is the lack of HeII ionizing photons in the integrated
spectrum computed with only the Kurucz library. We will
show in section 5 that the dierence in the H ionizing pho-
tons is not relevant for the cosmological reionization. In the
following we will adopt the third option.
4 VERY LOW METALLICITY STARS
The rst generation of stars forms from the primordial ma-
terial, whose chemical composition is entirely dictated by
the cosmological nucleosynthesis. Of particular importance,
as discussed below, is the fraction of carbon, nitrogen and
oxygen (CNO elements) originally present in the rst stars.
Detailed computations of primordial homogeneous nucle-
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Figure 2. Zero age main sequence for dierent initial chemi-
cal composition (lines and points). Starting from the rightmost
one, the initial composition is Z=0.02, Y=0.28 (Bressan et al.
1993), Z=0.004,Y=0.24 (Fagotto et al. 1994b), Z=0.0004, Y=0.23
(Fagotto et al. 1994a) and Z=0.0001, Y=0.23 (Girardi et al. 1996).
The dashed line is our "eective" Z=0 isochrone. The points rep-
resent zero age main sequence models of PopIII stars and are:
a) squares, 20 M, 60 M and 100 M with Z=0, Y=0.3 (Forieri
1982); b) stars, 80M and 100 M with Z=0, Y=0.261 (El Eid
et al. 1983); c) triangle, 25 M with Z=0, Y=0.25 (Castellani et
al. 1983); d) crosses, 0.7M ÷ 15M Z=10−10, Y=0.23 (Cassisi
and Castellani 1993).
osynthesis sets an upper limit of the CNO abundance by
mass ZCNO ≤ 10−12 (Applegate et al. 1987). A signicantly
higher value, ZCNO ≤ 10−9, is obtained in the most ex-
treme case of nucleosynthesis occurring in a inhomogeneous
medium produced by the quark{hadron transition (Kawano
et al. 1991).
Stars with very low (≤10−12) CNO abundance (the
so called Population III stars, hereafter PopIII) were ini-
tially discussed by Ezer (1961), Ezer and Cameron (1971),
Hartquist and Cameron (1977), Bond et al. (1983), El Eid et
al. (1983) and Castellani, Chie and Tornambe (1983). Mas-
sive PopIII stars show a peculiar evolution because hydrogen
burning can be only sustained by the proton{proton (p{p)
cycle. Due to the very shallow dependence of the rate of p{
p energy production on the temperature, very high central
temperatures and densities are reached in order to balance
the gravitational contraction and to drive the star onto the
ZAMS.
Eventually, in stars more massive than a critical mass
(10M ÷ 20M, depending on the assumed initial helium
abundance), the central temperature reaches and overcomes
108 K, where the triple alpha reaction becomes eective in
producing fresh carbon (12C). Other possible chains can also
appear (Castellani et al. 1983) when hydrogen is burned at
around 108 K, with direct production of 8Be from the p{
p cycle. However the triple alpha chain is by far the most
eective one in producing 12C. The new synthesized 12C
immediately starts the CNO cycle which begins to compete
with the p{p cycle, until it becomes the dominant process
Figure 3. As in Fig. 2 but for a time t=2Myr. At this age, the
models by Forieri 1982 are slightly more evolved than those by
El Eid et al. 1983. Cassisi and Castellani 1993 do not provide
evolved models.
when the abundance of CNO reaches a few times 10−11. Be-
cause of the steeper temperature dependence of the CNO
reaction rate the central temperature and density start de-
creasing, but the former never falls below 108 K, so that the
CNO abundance keeps growing under the eect of the triple
alpha reaction. At the end of the central hydrogen burning
phase the CNO abundance in massive stars is of the order
of a few times 10−9, still some orders of magnitude less than
that typical of the most metal poor stars in our Galaxy. As a
consequence of the large central condensation needed to nd
a static conguration, the main sequence of zero metallicity
massive stars are denitely hotter (and slightly more lumi-
nous) than those where CNO operates since the beginning.
For comparison, Fig. 2 shows how the location of the ZAMS
depends on the initial chemical composition. The metallicity
decreases from about the solar one (Z = 0.02) to that of a
very metal poor star (Z = 0.0001), going from the right to
the left sequence. It is worth noticing that the relative sep-
aration in the HR diagram becomes less and less relevant as
the metallicity decreases. However, for very low or virtually
zero metal content, the eects described above, produce a
shift of about 0.2 dexp in log(Teff ). The points on the left
hand side of Fig. 2 are the zero age main sequence models
of PopIII stars taken from dierent authors, as specied in
the caption.
Current investigations on the reionization of the Uni-
verse make use of published stellar isochrones with metal
content at most as low as Z = 0.004. However, as we have
already said, the metallicity of rst stars is much lower than
this. An increase in the initial metallicity of new collapsed
objects can be achieved through the merging with already
evolved systems, where the IGM has been metal enriched by
previous stellar evolution. During the reionization process,
however, the formation rate of collapsed objects is domi-
nated by the net creation rate and the number of merging
objects in larger systems is negligible (Haiman and Loeb
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Table 1. Reionization redshifts zrei in a CDM model (Ω0, ΩΛ,
Ωb, h, σ8h−1Mpc, n) = (1, 0, 0.05, 0.5, 0.67, 1) with the fraction
of the gas converted into stars f = 0.08, the escape fraction
of ionizing photons fesc = 0.5 and Kurucz (1992), BCF94 and
CoStar (Schaerer and Koter 1997) spectral libraries. The lower
two values of the metallicity Z are considered.
Z Kurucz BCF94 CoStar
0.0001 13.5 13.8 13.8
0 14.9 15.6 15.6
1998, Chiu and Ostriker 1999). According to our assump-
tion of modelling a galaxy with an instantaneous single star-
burst, we neglect the local metal enrichment and use zero
metallicity isochrones during the whole reionization. A more
rened model in which we consider the eect of the metal
enrichment is in preparation.
At present stellar models with zero metallicity, su-
ciently extended in mass and age, are not available. How-
ever, from Fig. 2 we notice that, with a shift of 0.2 in
log Teff , the Z = 10
−4 isochrone overlaps the present com-
puted zero metallicity models for M > 15 M. Therefore we
adopt the following approximation: we modify the Z = 10−4
isochrones by applying a shift to their eective temperature.
The shift increases linearly from 0 to 0.2 going from 2 M
to 15 M and then is set constant and equal to 0.2. Exam-
ples of the new \eective" isochrones are shown in Figs. 2
and 3 (dashed line). In spite of the limits of this method,
it provides a realistic estimate of the ionizing photons rate
production by PopIII SSPs, because most of these photons
are provided by massive stars during the main sequence.
5 DISCUSSION AND CONCLUSIONS
In this letter we reconsidered the reionization of the Universe
due to primeval galaxies and focused on how it could be
aected by the change of some of the stellar physics. In
particular we analyzed the eects of the model atmospheres
and of the initial metallicity.
We rst considered dierent approximations made in
the model atmospheres used to predict the number of ioniz-
ing photons in a simple stellar population. In particular, we
compared three alternatives for the atmospheres of massive
stars: the Kurucz models, their extension with black bodies
at temperature higher than T = 50000 K (BCF94) and the
inclusion in the latter library of CoStar models (Schaerer
and Koter 1997).
In Table 1 we list the reionization redshifts zrei
obtained by using the dierent spectral libraries in a
CDM model. The adopted cosmological parameters are
(Ω0,ΩΛ,Ωb, h, σ8h−1Mpc, n) = (1, 0, 0.05, 0.5, 0.67, 1), where
the simbols have the usual meaning; as for the other rele-
vant parameters we adopt a conversion fraction of gas into
stars f = 0.08 and an escape fraction of ionizing photons
fesc = 0.5. We analyzed the lower two values of the metal-
licity.
The spread in the reionization redshifts at a given
metallicity is only of the order of a few percent. As already
Table 2. Reionization redshifts zrei in the CDM model as in
Table 1 and dierent values for Z, f and fesc.
f 0.015 0.150
fesc 0.2 1 0.2 1
Z
0.004 5.0 10.4 12.4 16.6
0.0001 5.8 11.0 13.0 17.1
0 8.2 13.0 14.9 18.8
Table 3. As in Table 2 in a CDM model (Ω0, ΩΛ, Ωb, h,
σ8h−1Mpc, n) = (0.3, 0.7, 0.025, 0.7, 1, 1). Dashes mean that
a complete reionization does not occur.
f 0.015 0.150
fesc 0.2 1 0.2 1
Z
0.004 { 5.9 8.3 13.0
0.0001 { 6.7 9.0 13.6
0 3.2 8.9 11.0 15.4
anticipated, the three assumptions mainly dier in the pro-
duction rate of HeII ionizing photons. In the following dis-
cussion we will adopt the CoStar implementation.
On the contrary, we nd that the reionization epoch
greatly depends on the initial metallicity. We rst consid-
ered isochrones with Z = 0.0001 (Girardi et al. 1996) in-
stead of the Z = 0.004 usually adopted by other authors.
Then we also analyzed the eect of true PopIII objects. To
this purpose we suitably constructed PopIII isochrones by
collecting existing models of zero metallicity stars.
The eects of the initial metallicity on the reionization
epoch are reported in Table 2 and 3. Table 2 is for the CDM
model considered before, while Table 3 refers to a CDM
with (Ω0,ΩΛ,Ωb, h, σ8h−1Mpc, n) = (0.3, 0.7, 0.025, 0.7, 1,
1). For sake of completeness we investigated two extreme
values of the photon escape fraction (fesc = 0.2; fesc = 1)
and of the gas conversion fraction (f = 0.015; f = 0.15).
From the above tables we see that, for any given set
of other parameters, the reionization redshift increases by
about 0.5 in going from Z = 0.004 to Z = 0.0001 and by
about 2 from Z = 0.0001 and Z = 0, respectively. This
clearly reflects the larger production rate of ionizing photon
in stars with lower metallicity. This eect is particularly
strong when one shifts to Z = 0.
The adoption of true PopIII objects, instead of the Z =
0.004 models, is responsible of about half of the eect which
arises from the extreme variation in fesc or in f.
Furthermore we notice that the inclusion of PopIII ob-
jects in a typical CDM scenario almost compensates for the
delay of the reionization epoch, due to the later formation
of primeval structures, with respect to the CDM model.
In a more rigorous treatment, a homogeneous set of
stellar isochrones with zero metallicity would be preferable,
but in spite of the crudeness of our approach, we believe
that our results are quite robust because the evolution of
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massive stars is dominated by few basic well understood
physical processes.
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